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ABSTRACT
As a first step in achieving an evidence-based classification system for the sport of
Para Dressage, there is a clear need to define elite dressage performance. Previous
studies have attempted to quantify performance with able-bodied riders using scientific
methods; however, definitive measures have yet to be established for the horse and/or
the rider. This may be, in part, due to the variety of movements and gaits that
are found within a dressage test and also due to the complexity of the horse-rider
partnership. The aim of this review is therefore to identify objective measurements
of horse performance in dressage and the functional abilities of the rider that may
influence them to achieve higher scores. Five databases (SportDiscuss, CINAHL,
MEDLINE, EMBASE, VetMed) were systematically searched from 1980 to May 2018.
Studies were included if they fulfilled the following criteria: (1) English language; (2)
employ objective, quantitative outcome measures for describing equine and human
performance in dressage; (3) describe objectivemeasures of superior horse performance
using between-subject comparisons and/or relating outcome measures to competitive
scoringmethods; (4) describe demands of dressage using objective physiological and/or
biomechanicalmeasures fromhuman athletes and/or how these demands are translated
into superior performance. In total, 773 articles were identified. Title and abstract
screening resulted in 155 articles that met the eligibility criteria, 97 were excluded
during the full screening of articles, leaving 58 included articles (14 horse, 44 rider)
involving 311 equine and 584 able-bodied human participants. Mean± sd (%) quality
scores were 63.5± 15.3 and 72.7± 14.7 for the equine and human articles respectively.
Significant objectivemeasures of horse performance (n= 12 articles) were grouped into
themes and separated by gait/movement. A range of temporal variables that indicated
superior performance were found in all gaits/movements. For the rider, n= 5 articles
reported variables that identified significant differences in skill level, which included
the postural position and ROM of the rider’s pelvis, trunk, knee and head. The timing
of rider pelvic and trunk motion in relation to the movement of the horse emerged
as an important indicator of rider influence. As temporal variables in the horse are
consistently linked to superior performance it could be surmised that better overall
dressage performance requires minimal disruption from the rider whilst the horse
maintains a specific gait/movement. Achieving the gait/movement in the first place
depends upon the intrinsic characteristics of the horse, the level of training achieved
and the ability of the rider to apply the correct aid. The information from this model
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will be used to develop an empirical study to test the relative strength of association
between impairment and performance in able-bodied and Para Dressage riders.
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INTRODUCTION
Para-equestrian Dressage is an internationally-recognized sport that provides educational
and competitive opportunities in the sport of dressage for athletes with impairments.
In para-equestrian competition, the rider is classified according to his or her functional
ability and, based on this classification, competitors are grouped to ensure a level playing
field. To improve the validity of classification across Paralympic sports, the International
Paralympic Committee (IPC) mandates the development of evidence-based classification
systems, in order to minimise the impact of impairment on competition outcomes by
grouping athletes in Sport Classes based on the extent of activity limitation caused (Tweedy
& Vanlandewijck, 2011). To accomplish this, all sport-specific classification systems must
develop scientific evidence to define: eligible types of impairment, eligible impairment
severity and the extent of activity limitation caused (Tweedy & Vanlandewijck, 2011). To
determine the extent of activity limitation, the relative strength of association between
impairment and fundamental sport-specific activities/skills, or ‘‘performance measures’’,
must be determined (Tweedy & Vanlandewijck, 2011; Tweedy, Beckman & Connick, 2014;
Tweedy, Mann & Vanlandewijck, 2016). Therefore, performance measures are determined
by a comprehensive understanding of fundamental skills, abilities and body positions
required for sport-specific performance (Tweedy, Mann & Vanlandewijck, 2016). As a first
step in achieving an evidence-based classification system for the sport of Para Dressage,
there is a clear need to define performance measures by reviewing the scientific literature
to determine objective measurements of the athletes (rider and horse) that predict elite
dressage performance.
Performance in dressage is measured by a percentage score that is awarded by judges in
relation to a pre-defined test performed by a horse-rider combination. The test consists of
a series of gaits and patterns with each segment receiving a separate score. The evaluation
and resulting scores will be based on the Scale of Training as described for example by
British Dressage (2019), see Table S1. Previous studies have attempted to quantify the
determinants of elite riding/dressage performance using able-bodied riders and various
kinematic techniques, however definitive measures have yet to be established for the horse
and/or the rider. This may be, in part, due to the variety of movements and gaits that are
found within a single test and also due to the complexity of the horse-rider partnership.
When measuring horse performance, some studies have only focused on diagonal gaits
(Back et al., 1994; Clayton, 1994a; Holmstrom, Fredricson & Drevemo, 1994a; Holmstrom &
Drevemo, 1997; Morales et al., 1998) others on walk (Clayton, 1995; Back, Schamhardt
& Barneveld, 1996) or gallop gaits (Deuel & Park, 1990a; Clayton, 1994b), and some
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on transitions between gaits (Argue & Clayton, 1993a; Argue & Clayton, 1993b; Tans,
Nauwelaerts & Clayton, 2009). In these studies, good horse performance is usually
determined by selecting successful high-level performers, by comparing between two
different groups of horses, or by comparing measurements to judged scores. The majority
of studies are limited to straight-line motion, particularly those using two-dimensional
video-based techniques, although a small number have obtained measurements during a
prescribed dressage test (Deuel & Park, 1990a; Deuel & Park, 1990b; Biau & Barrey, 2004).
Kinematic measures that have been identified as important performance determinants
include temporal variables such as hind first diagonal dissociation (Holmström, Fredricson
& Drevemo, 1994b; Clayton, 1997; Hobbs, Bertram & Clayton, 2016), joint range of motion
(ROM) such as increased forelimb fetlock extension (Back et al., 1994), and centre of mass
(COM) motion such as increased dorso-ventral displacement of the trunk (Biau & Barrey,
2004). Although some measures consistently define better performance, others are also
dependent on the gait or movement being performed, which adds to the complexity of
defining overall performance.
The performance of the rider alone (which relates directly to rider skill and accuracy)
carries fewmarks in dressage, so performance from a rider perspective relatesmainly to their
ability to influence the horse’s performance. The rider’s position has been described (Lovett,
Hodson-Tole & Nankervis, 2005), evaluated in relation to skill level (Schils et al., 1993; Kang
et al., 2010) and related to the presence of rider asymmetries (Symes & Ellis, 2009; Gandy et
al., 2014; Alexander et al., 2015). Few studies have investigated the rider’s influence on the
horse and, of these, the majority have focused on the phasic relationships between horse
and rider motion, based on the principle that movements of an experienced rider are more
closely synchronized with the horse (Peham et al., 2001; Lagarde et al., 2005;Münz, Eckardt
& Witte, 2014; Baillet et al., 2017). Studies have investigated the physiological demands of
riding (Westerling, 1983; Devienne & Guezennec, 2000;Meyers, 2006; De Barros Souza et al.,
2008; Roberts, Shearman & Marlin, 2009; Beale et al., 2015; Sung et al., 2015; Sainas et al.,
2016; Baillet et al., 2017) and others have evaluated cardiovascular fitness and other aspects
of rider fitness (Westerling, 1983; Devienne & Guezennec, 2000; Meyers & Sterling, 2000;
Meyers, 2006; Beale et al., 2015; Sung et al., 2015; Sainas et al., 2016).
As a first step toward identifying determinants of performance for the rider, this study
will review the scientific literature defining (a) locomotion patterns of the horse that
quantify gait quality, (b) rider demands, (c) rider functional skills and abilities, and
(d) superior performance characteristics of the horse-rider dyad. From the information
extracted, a theoretical model will be developed to link objective measures from the rider
that may influence overall performance in dressage. The aim of this review is therefore to
identify objective measurements of horse performance in dressage and the functional skills
and abilities of the rider that may influence them to achieve higher scores. The review is
part of a larger project commissioned by the Fédération Equestre Internationale. Objective
measures of performance identified in the review will be used to evaluate performance and
the effect of impairment on performance in experimental studies of able-bodied and para
dressage riders at a later date.
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SURVEY METHODOLOGY
Search strategy
A review framework (Table S2) was developed, detailing study population, outcomes
and setting required to fulfil the review objectives. A search strategy (Table S3) was then
developed and included the following general keywords: ‘‘horse riding’’, ‘‘elite dressage’’,
‘‘paradressage or para-dressage or para dressage’’, ‘‘dressage performance’’, horseback
riding’’. As the review was designed to be a broad systematic search, additional keywords
were developed and grouped according to the following overarching themes: rider, horse,
rider physiology, rider psychology, impaired rider performance, rider performance, horse
performance, horse training and outcome measures. Overarching themes were combined
with the general keywords to develop the search strategy. The following databases were
systematically searched from 1980 to May 2018 to identify studies for potential inclusion
within the study: SportDiscuss, CINAHL, MEDLINE, EMBASE, VetMed. The searches
were performed between 23rd April 2018 and 23rd May 2018.
Study selection
Studies were included if they fulfilled the following inclusion criteria: (1) English language,
(2) employed objective, quantitative outcome measures for describing rider and/or horse
performance in dressage (e.g., optical motion capture/kinematic data), (3) described
objective measures of superior horse performance using between-subject comparisons
and/or relating outcome measures to competitive scoring methods (e.g., comparison of
linear kinematic variables in elite vs. non-elite horses or the relationship between these
variables and judged dressage scores), (4) described demands of dressage using objective
physiological and/or biomechanical measures from riders and/or how these demands are
translated into superior performance (e.g., descriptive studies on objective variables like
heart rate, muscle strength, or joint ROM in one rider cohort or a comparison of these
variables across varying levels of riders to describe superior performance). Only full-text,
peer-reviewed scientific articles were included. Conference proceedings/abstracts, theses
and grey literature were excluded. Title and abstract screening was conducted by two
reviewers (LSG, EL) to determine whether each study met the inclusion criteria and any
inconsistencies were settled through discussion with a third reviewer (SJH).
The search produced 679 results. Hand searches were conducted by reviewing reference
lists of studies meeting the inclusion criteria and relevant review articles (Hall et al., 2008;
Douglas, Price & Peters, 2012; Janura et al., 2012; Clayton & Hobbs, 2017a; Hall & Heleski,
2017), producing an additional 94 articles that were not previously identified. The study
selection is presented as a PRISMA flow diagram (Moher et al., 2009) in Fig. 1.
Data extraction and synthesis
Included articles underwent data extraction and methodological quality assessment, which
was independently conducted by two reviewers (LSG, EL) using the ‘‘Critical Review Form
for Quantitative Studies’’ (Law et al., 1998). In accordance with Zadnikar & Kastrin (2011),
methodological quality was assessed using 16 dichotomous items that were scored as either
1 or 0 for studies that fulfilled or did not fulfil each criterion, respectively (horse, Table S4;
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Figure 1 PRISMA diagram illustrating the study selection process.
Full-size DOI: 10.7717/peerj.9022/fig-1
rider, Table S5). Intervention description, validity and reliability of outcome measures
and the clinical relevance of significant differences between groups formed 4 of the 16
items for quality scoring but were not relevant for the majority of study designs included
in this review. Thus, ‘‘not applicable’’ scores were given where appropriate for individual
studies and the score for each article was calculated as a percentage of the total scores
given. A score >80% was considered to indicate excellent methodological quality. Each
reviewer independently extracted the following information from each article: citation,
study purpose, study design, sample size and description, outcome measures, main results
and main conclusion. Data extraction forms and methodological quality scores were
compared between both reviewers and inconsistencies or disagreements were resolved by
discussion and consensus.
The heterogeneity of the included studies prohibited pooling of data for meta-analysis
and overall effect size calculations. Thus, descriptive summary tables were used to synthesize
results for horse (Table S6) and rider (Table S7) performance measures. Summary tables
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include the extracted data and quality score for each included study. Separate summary
tables were also created to group significant objective outcome measures, employed
by the included studies, based on overarching themes related to horse (Table S8) and
rider (Table S9) performance. For the horse, these overarching themes include: temporal
measures, joint/segment kinematics, trunk motion, impulsion, stride length/adjustability
(linear kinematics) and connection. Adjustability refers to the ease with which the horse
shortens and lengthens the stride. Connection refers to the harmonious interaction between
rider and horse revealed in the generation of energy that is controlled by the contact
of the rider’s hand with the horse’s mouth via the rein. Outcome measures for horse
performance were only included in the summary table if selected studies had described a
direct relationship between the outcome measure and performance (for example: better
competition scores or a difference between elite and non-elite horses). For the rider, these
overarching themes included: range of motion (ROM), strength, rider fitness, physiological
demands of riding, coordination between horse and rider, rider coordination and balance.
Within each overarching theme, outcome measures for both horse and rider were further
grouped based on the measurement tool (for example: accelerometer, kinematics), the
gait or movement from which the measure was obtained and the studies that employed
this measure. Where available in the literature, mean ± standard deviation (sd) data were
included for rider outcome measures, and where multiple studies reported values for the
same outcomemeasure, overall mean± sd values were calculated (see Table S9). A thematic
network (based on Attride-Stirling (2001)) was created to illustrate objective measures of
dressage horse performance (global theme) from the literature, with overarching themes
and their objective performance measures representing the basic themes and the associated
gaits/movements representing the organising themes (Fig. 2, Table 1). For the rider,
significant performance outcome measures associated with a gait were used to develop a
theoretical model to link the potential influence of rider skill to horse performance (see
Fig. 3, Table 2, Text S1).
RESULTS
Title and abstract screening resulted in 155 articles that met the eligibility criteria. Ninety-
seven articles were excluded during the full screening of articles, resulting in 58 included
articles (14 for horse, 44 for rider) involving 311 equine and 584 able-bodied human
participants. Mean ± sd (%) quality scores were 63.5 ± 15.3 and 72.7 ± 14.7, for horse
and rider performance respectively.
Horse performance
Significant objective measures of performance, grouped according to horse overarching
themes, including method of measurement, gait or type of movement and performance
effects are shown in Table S8. A thematic network linking significant outcome measures
with gaits/movements, classified using colour for overarching themes summarizes this
information in Fig. 2.
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Figure 2 Objective measures of horse performance grouped by gait and overarching theme.
Full-size DOI: 10.7717/peerj.9022/fig-2
Table 1 Articles included in the thematic network of objective horse performance measures and their respective quality scores.
Articles Gaits/Movements Theme(s) Quality
score
Argue & Clayton (1993a) Transitions Temporal 53.3
Back et al. (1994) Trot Temporal, Joint/Segment kinematics 66.7
Biau, Lemaire & Barrey (2002) Transitions Temporal, Trunk motion, Impulsion 46.7
Biau & Barrey (2004) Walk, trot, canter Temporal, Trunk motion, Impulsion 42.9
Clayton (1997) Trot, passage, piaffe Temporal 85.7
Deuel & Park (1990a) Extended canter, canter lead
changes (included in transitions)
Temporal, Stride length/Adjustability 57.1
Deuel & Park (1990b) Extended trot Temporal, Stride length/Adjustability 57.1
Holmstrom, Fredricson & Drevemo (1994a) Trot Temporal, Joint/Segment kinematics 66.7
Holmstrom & Drevemo (1997) Trot Joint/Segment kinematics 53.3
Tans, Nauwelaerts & Clayton (2009) Transitions Temporal 66.7
Lashley et al. (2014) Piaffe Joint/Segment kinematics 80.0
Morales et al. (1998) In-hand trot Joint/Segment kinematics 73.3
Rider performance
Significant outcome measures, method of measurement, gait or type of movement and
differences between skilled riders and non-skilled riders or non-riders are reported in
Table S9.
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Figure 3 Objective measures of skilled rider characteristics grouped by gait with arrows showing the-
oretical links to horse performance themes. Theoretical links between rider skill and horse performance
themes are developed using evidence presented within the discussion. Extracts from the discussion are
provided in Text S1 to highlight the reasoning behind these links.
Full-size DOI: 10.7717/peerj.9022/fig-3
Table 2 Articles included in the theoretical model linking skilled rider characteristics to horse performance themes and their respective quality
scores.
Article Gaits/Movements Skilled rider characteristics Quality
score
Sitting Trot Reduced forward trunk pitch
(max p = 0.026, mean p = 0.04).
Reduced knee flexion-extension ROM (p < 0.01).
Reduced forward head tilt (p = 0.04).
Greater flexion-extension ROM for left elbow (p= 0.02)
and greater elbow flexion (p< 0.01).
Eckardt & Witte (2016)
Canter Reduced trunk lateral bending ROM (p < 0.05).
Reduced left knee flexion-extension ROM (p< 0.05).
66.7
Walk Greater forward pelvic tilt (p< 0.05).
Sitting Trot Greater forward pelvic tilt (p < 0.05).
Reduced pelvic lateral flexion (p< 0.05).
Münz, Eckardt & Witte
(2014)
Canter Reduced pelvic flexion-extension ROM (p< 0.05).
78.6
Olivier et al. (2017) Simulated gallop (included in canter) Lower mean relative phase (lumbar/cervical) (p= 0.009). 86.7
Peham et al. (2001) Sitting Trot Lower average deviation of length of vector (p< 0.05). 73.3
Sung et al. (2015) Walk Lower heart rate (p= 0.021). 56.3
Linking rider and horse performance
A schematic diagram of a proposed theoretical model linking rider skills to horse
performance is provided in Fig. 3, based on significant outcome measures identified
for the horse and the rider.
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DISCUSSION
This review was designed to (a) identify objective measurements of horse performance
that would be awarded higher scores in a dressage test, (b) identify functional skills and
abilities of higher level riders and (c) predict the association between rider skill/ability
on horse performance in dressage. Previous reviews of the literature have described
the physiological and/or biomechanical traits of riders (Douglas, Price & Peters, 2012;
Clayton & Hobbs, 2017a), with Clayton & Hobbs (2017a) describing the biomechanical
horse-rider interaction during walk, trot, canter and gallop. However, no previous reviews
have considered both physiological and biomechanical abilities and/or skills of the rider
and horse to establish what factors are most important for predicting superior riding
performance. Thus, this review presents an original summary of fundamental rider and
horse skills/abilities and the influence of these on the horse-rider partnership, which will
be used in the future to define ‘‘performance measures’’ for developing an evidence-based
Classification System for Para Dressage.
Intrinsic factors of the horse will influence performance and judged scores and so horse
selection is an important consideration with regards the horse’s potential to perform well
in dressage (Back et al., 1994; Holmström, Fredricson & Drevemo, 1994b). The subsequent
training determines whether the horse reaches its full athletic potential and the skill of the
rider is key to bothmaximizing the benefits of training and to producing a top performance
in the competition arena. Qualities of the horse’s movement that may be influenced by
the rider (dependent on the rider’s ability) include stride length, stride frequency, rhythm,
connection, impulsion, straightness, collection and balance (Peham et al., 2004;Bradshaw et
al., 2005; Schöllhorn et al., 2006; Roepstorff et al., 2009; De Cocq et al., 2010a; De Cocq et al.,
2010b; Byström et al., 2015; Eisersiö et al., 2015; Engell et al., 2016). However, riders differ
greatly in their equitation skills, their sensitivity in assessing the horse’s performance, and
their competency in improving that performance, whilst horses differ in their trainability
to improve their performance (McCall, 1990). A basic requirement of a competent dressage
rider is to have an independent seat, which implies that movements of the rider’s pelvis
follow and compensate for the horse’s trunk movements allowing the arms and legs to act
independently to follow the horse’s head and neck motion and to give aids to the horse.
The following discussion will explore the identified measures of horse performance
as they relate to both intrinsic traits and rider controllable factors. The rider’s influence
will then be discussed based on significant performance measures, across gaits for which
information is available.
Walk
Walk is a symmetrical gait with a lateral sequence of footfalls. The limb support sequences
alternate between bipedal and tripedal support and there are no suspension phases (Clayton,
1995; Hodson, Clayton & Lanovaz, 1999). The rules for dressage (Fédération Equestre
Internationale, 2019) state that there should be a regular rhythm with equal intervals
between footfalls and, specifically, walking with lateral couplets is described as a fault.
In accordance with these rules, Biau & Barrey (2004) found that stride regularity was an
objective measure of performance. This implies that step durations occur at intervals of
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approximately 25%of stride durationwhichmeans that, at any time, only one limb provides
braking and one limb provides propulsion (Merkens & Schamhardt, 1988). However, this
is associated with out-of-phase fluctuations between potential energy and kinetic energy
in the hind limbs and forelimbs which is energetically inefficient (Griffin, Main & Farley,
2004). However, it should be noted that energetic efficiency is not a requirement of dressage;
in fact, horses are rewarded for performing with great energy and impulsion. The fact that
many dressage horses show an irregular rhythm, especially in the extended walk (Clayton,
1995), may represent a more energetically efficient pattern of limb coordination than
having a regular rhythm (Clayton & Hobbs, 2019). Related to this, the vector of braking
and vector of propulsion were correlated to movement marks in young horses (Biau &
Barrey, 2004), indicating that higher marks were given for good, symmetrical braking and
propulsive work.
Other temporal variables identified by Biau & Barrey (2004) as objective measures
of performance are stride symmetry and stride frequency. Stride frequency is largely
determined by limb length, with taller horses having slower strides than smaller horses
walking at the same speed, because the bodymass moves further forward over the grounded
hoof during each step (Back et al., 1995). The rider can influence stride frequency, but care
must be taken not to induce a change in rhythm at the same time (Wolframm, Bosga &
Meulenbroek, 2013). Horses usually walk symmetrically unless they are unloading a lame
limb (Buchner et al., 1995) or show marked sidedness (Byström et al., 2018), although rider
asymmetry, such as differences in rein tension, can also influence horse symmetry (Terada,
Clayton & Kato, 2006; Kuhnke et al., 2010; Eisersiö et al., 2015).
Dorsoventral activity and dorsoventral displacement of the trunk are indicative of
vertical trunk motion/acceleration. In fact, in the absence of suspension phases, vertical
excursions of the trunk are smaller at walk than in the other gaits of dressage horses and
this makes it an easier gait for the rider to sit compared to trot (Byström et al., 2010). Since
the walk does not have suspension phases, back movements and pitching rotations of the
horse’s trunk are driven by the limb movements (Faber et al., 2000; Byström et al., 2010).
Pitching rotations of the trunk are related to the relative heights of the croup andwithers. At
hind hoof contact the croup is low and the trunk is in its maximal nose-up pitched position.
In the first half of hind limb stance, the croup rises and the trunk pitches in a nose-down
direction. The direction of rotation is reversed around the time of forelimb contact which
is followed by rising of the withers as the croup descends. The cycle is repeated during the
movements of the contralateral limbs. Thus, the pitch of the horse’s back is maximally
nose-up at hind limb contact and nose-down at forelimb contact (Byström et al., 2010).
The saddle rotates in the same direction as the horse’s back (Von Peinen et al., 2009;Münz,
Eckardt & Witte, 2014) and the rider’s pelvis pitches in counter-rotation to the saddle
(Byström et al., 2010); the pelvis is maximally anteriorly rotated at hind limb contact and
maximally posteriorly rotated at forelimb contact. Pelvic rotations occur twice per stride
and, movements of the rider and the horse are less well synchronized than for the other
gaits (Wolframm, Bosga & Meulenbroek, 2013). Comparing skilled riders with beginners,
Münz, Eckardt & Witte (2014) found that the pelvis underwent anterior to posterior pelvic
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motion (referred to in the paper as greater forward pelvic tilt) in skilled riders compared
with beginners and this was associated with increased nose-up trunk rotation of the horse.
When comparing the physiological demands for the athlete, a significant increase in
heart rate in amateur athletes during two minutes of walking compared to skilled athletes
was attributed to differences in physical fitness by Sung et al. (2015), as their resting heart
rates were also significantly different. It is interesting to note that the heart rate increase
at walk compared to resting values was 28.9% in amateur athletes and 14.1% in skilled
athletes, but when practicing jumping the increases over resting values were 73.5% and
84.7%, respectively. This could indicate that skilled athletes do not work as hard during
walking, due to developing better relaxation and/or harmony with the horse. Münz,
Eckardt & Witte (2014) suggested that the pelvis of less skilled athletes moves ‘‘ahead’’ of
the horses’ movement andWolframm, Bosga & Meulenbroek (2013) found lower interclass
correlations between horse and rider motion in walk compared to canter. Out of phase
timing of the rider with the horse may disrupt the rhythm of the horse and result in greater
energy expenditure for the less skilled athlete to maintain an active walk.
Trot
Trot is a diagonally-coordinated, symmetrical gait in which diagonal support phases
alternate with suspension phases (Clayton, 1994a; Holmström, Fredricson & Drevemo,
1994b). Diagonal dissociation at the start and end of the diagonal support phases occurs
frequently and gives rise to short periods of single support (Holmström, Fredricson &
Drevemo, 1994b; Hobbs, Bertram & Clayton, 2016). The rules for dressage (Fédération
Equestre Internationale, 2019) state that the trot should show free, active and regular steps
with trot quality being judged by the regularity and elasticity of the steps, the cadence and
impulsion (where impulsion indicates movement due to the storage and release of elastic
energy in the tendinous tissues of the limbs), the suppleness of the back, the engagement
of the hindquarters, and the ability to maintain the same rhythm and natural balance in
all variations of the trot (collected, working, medium, extended). Thus, it is not surprising
that improved stride regularity and symmetry (Biau & Barrey, 2004) were predictive of
better performance.
The ability to increase stride length and velocity were identified as important traits
(Deuel & Park, 1990b). At trot, velocity is increased by taking longer and/or faster strides.
However, the dressage rules (Fédération Equestre Internationale, 2019) require that the same
stride frequency be maintained regardless of speed, so changes in velocity rely on the ability
to adjust stride length (Clayton, 1994a). The horse’s inherent stride length is affected by leg
length and the variable that best reflects changes in stride length is tracking length, i.e., the
distance between the hoof print of a fore hoof and the following hoof print of the ipsilateral
hind hoof in the direction of travel (Clayton, 1994a). Greater over-tracking length (where
the ipsilateral hind hoof print is further forward than the ipsilateral fore hoof) and longer
strides are achieved by increasing forward propulsion and the propulsion vector, indicating
greater overall propulsive work, was correlated to total score in experienced horses (Biau
& Barrey, 2004). Muscular strength determines the development of propulsive force; more
powerful muscles are able to generate force more rapidly which is evident in a shorter
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stance duration (Back et al., 1994). Shorter stance durations were identified as having a
positive influence on stride quality both in the forelimbs (Deuel & Park, 1990a; Deuel &
Park, 1990b) and hindlimbs (Holmström, Fredricson & Drevemo, 1994b) resulting in smaller
duty factors (Holmström, Fredricson & Drevemo, 1994b). Swing durations are influenced
by both stride duration and stance duration. Deuel & Park (1990b) found that shorter
hind limb and longer forelimb swing durations were objective measures of performance.
Taken together, having relatively shorter stance phases and relatively longer swing phases
is aesthetically pleasing because the trot appears less grounded and more bouncy, which
is regarded positively by judges and explains the greater dorsoventral displacement and
activity found by Biau & Barrey (2004).
Diagonal dissociation is a short temporal separation of the limbs of the diagonal pairs at
contact and/or lift off. The period of dissociation is too short to be perceived by the human
eye and was detected in early studies using frame-by-frame evaluation (Clayton, 1994a;
Holmström, Fredricson & Drevemo, 1994b). Hind first diagonal dissociation at contact has
been identified as a beneficial characteristic (Holmström, Fredricson & Drevemo, 1994b)
and is associated with an uphill posture of the horse’s trunk (Holmström, Fredricson &
Drevemo, 1994b; Hobbs, Bertram & Clayton, 2016). Dissociation at lift off is usually hind
first and it has been suggested that the short period of forelimb single support at the end of
diagonal stance may provide a vertical force that contributes to the maintenance of uphill
posture (Hobbs, Bertram & Clayton, 2016).
It is not surprising that limb kinematics would influence dressage scores, as most people
concentrate on swing phase limb movements when evaluating ridden gaits (Holmström,
Fredricson & Drevemo, 1994b). In trot, significant objective hind limb measurements of
performance include greater pelvic inclination, larger hindlimb pendulation associated
with greater hindlimb protraction, greater tarsal flexion and faster angular velocity in the
hock joint (Holmström, Fredricson & Drevemo, 1994b; Holmstrom & Drevemo, 1997). In
the forelimbs objective measurements include greater swing phase retraction, increased
elbow and carpal flexion at the beginning of swing phase retraction (Holmström, Fredricson
& Drevemo, 1994b), greater fetlock extension in stance (Back et al., 1994; Holmström,
Fredricson & Drevemo, 1994b; Morales et al., 1998), greater scapular ROM (Back et al.,
1994; Holmström, Fredricson & Drevemo, 1994b; Morales et al., 1998), and higher forelimb
hoof trajectory in swing (Holmström, Fredricson & Drevemo, 1994b).
Some of these attributes are associated with other aspects of gait quality, some are
modifiable, and some are inherent qualities of the horse. Hind-first diagonal dissociation
and greater hindlimb protraction are associated with greater nose up pitching of the trunk
(Hobbs, Bertram & Clayton, 2016). Diagonal dissociation can be modified by changing
speed, but some horses maintain hind first dissociation across a larger speed range,
which is a desirable trait (Hobbs, Bertram & Clayton, 2016). Shorter stance durations,
greater fetlock extension, faster extension of the hock and rotation of the pelvis in late
stance, and flexion of the hindlimb joints are all related to the ability of the horse to
store and release energy and they are largely responsible for creating impulsion. The
physiological condition and conformational traits of the horse will influence the horses’
ability to store and release energy (Back et al., 1994; Holmström, Fredricson & Drevemo,
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1994b; Morales et al., 1998). Greater compression of the hindlimb joints is thought to
contribute to greater springiness and impulsion of horses with high gait scores (Holmstrom
& Drevemo, 1997). Similarly, increased fetlock extension is a result of greater applied vertical
load on the limbs (Merkens & Schamhardt, 1994; McGuigan & Wilson, 2003), which will
increase dorsoventral displacement (Biau & Barrey, 2004; Hobbs & Clayton, 2013) and
potentially result in a longer aerial phase between diagonal contacts. Differences in force
production between Warmbloods and Lusitanos have been reported in collected trot,
with Warmbloods producing higher vertical impulses in all limbs (Clayton, Schamhardt &
Hobbs, 2017). Regardless of whether they are lame or sound, Quarter Horses produce lower
mass-normalized ground reaction forces than Warmbloods (Back et al., 2007). Kinematic
suitability for dressage has been compared between different breeds (Barrey et al., 2002),
as such, horses may be selected for their ability to produce higher forces at the ground,
which will increase dorsoventral displacement and therefore give the impression of greater
‘elevation’.
For the rider, gaits with suspension phases require pelvic mobility and control in order to
follow and amplify the horse’s motion (Münz, Eckardt & Witte, 2014; Byström et al., 2015;
Engell et al., 2016). In skilled riders, the pelvis rotates from anterior to posterior tilt over
the stride cycle with a smaller amount of lateral tilt (Münz, Eckardt & Witte, 2014), whilst
the trunk maintains a more consistent vertical posture and the head a more consistent
and stiller horizontal posture (Eckardt & Witte, 2016). The posture of the pelvis and upper
body segments dictates how pressure is distributed under the saddle (De Cocq et al., 2009;
Gunst et al., 2019), which affects the aids communicated to the horse and also impacts on
the horses’ balance (De Cocq et al., 2010b). In skilled riders, pelvic motion is independent
of trunk, head or other segment motion, which requires dynamic postural control (Engell
et al., 2016). When the rider achieves an advanced level of dynamic postural control, it
improves the harmony between horse and rider (Peham et al., 2001;Münz, Eckardt & Witte,
2014), and translates to higher average dressage scores (Peham et al., 2001). Skilled riders
control body position by coordinating activity level and antagonistic timing of Erector
Spinae and Rectus Abdominis muscles (Terada, 2000; Pantall, Barton & Collins, 2009),
whilst novice riders display energetically inefficient co-activation of Erector Spinae and
Rectus Abdominis muscles (Pantall, Barton & Collins, 2009) and use Adductor Magnus to
stabilize the trunk (Terada, 2000). Phasic activity in Rectus Abdominis in mid-stance is
used to stabilize the rider’s trunk and enable the rider to follow the horse’s movement by
rotating the pelvis posteriorly as the horse’s body reverses direction from downward to
upward motion (Terada et al., 2004; Pantall, Barton & Collins, 2009). In addition, phasic
activity of the upper and middle Trapezius in early stance is used to stabilize the head, neck
and scapula during impact of the diagonal limbs (Terada et al., 2004).
As suggested previously, a number of attributes of the horse that will influence dressage
scores relate to ‘elevation’. The challenge for the rider is therefore often associated with
their ability to maintain dynamic postural control and harmony with the horse whilst
coping with the large vertical and longitudinal accelerations and decelerations of the
horse’s trunk in trot (Terada, 2000; Byström et al., 2015). Skilled riders are said to have
a stabilizing effect on the horse, as shown by a reduction in motion pattern variability
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(Peham et al., 2004). Improved rider-horse harmony will reduce disruption in temporal
variables and dorsoventral motion associated with horse performance (Wolframm, Bosga
& Meulenbroek, 2013). Again, pelvic motion from anterior to posterior tilt of the rider
was found to significantly increase nose up trunk tilt of the horse during trotting (Münz,
Eckardt & Witte, 2014). Variations in rider pelvic posture are reported (Byström et al., 2009;
Münz et al., 2013; Eckardt, Münz & Witte, 2014;Münz, Eckardt & Witte, 2014; Alexander et
al., 2015; Byström et al., 2015; Eckardt & Witte, 2016; Engell et al., 2016), but also depend
on the goal of the rider. When actively influencing the horse to improve collection in trot,
skilled riders have greater posterior pelvic tilt throughout the stride (Byström et al., 2015;
Engell et al., 2016).
Less knee flexion-extension ROM in skilled riders may also relate to the rider’s ability
to cope with the motion of the horse, with less of a tendency in skilled riders to pull up the
knees in an effort to remain balanced (Byström et al., 2015). A stiller leg will improve the
rider’s ability to provide consistent and precise aids to the horse, resulting in more finite
speed, gait and/or movement changes. The ability to maintain consistent contact with the
bit at all gaits is also necessary to facilitate good rider-horse communication (Eisersiö et
al., 2013; Von Borstel & Glißman, 2014). Perturbations due to the motion of the horse’s
trunk are accommodated by the rider with the apparent goal of allowing the rider’s hand
to maintain a consistent position relative to the bit (Terada, Clayton & Kato, 2006; Eisersiö
et al., 2013). Eckardt & Witte (2016) reported an increase in flexion-extension ROM of the
elbow in skilled riders to effect this. Terada, Clayton & Kato (2006) showed that pitching
rotations of the rider’s trunk were compensated by coordinated flexion-extension of the
shoulder and elbow joints so the distance from the rider’s wrist to the bit changed by no
more than 1.5 cm. These movements were controlled by activation of Biceps Brachii in
early stance and Triceps Brachii in late stance (Terada, 2000).
Canter
The canter is an asymmetrical gait with three beats in the sequence (1) trailing hindlimb,
(2) leading hindlimb and trailing forelimb together then (3) leading forelimb. Lift off of
the trailing forelimb is followed by a period of suspension (Clayton, 1994b). A good quality
canter is associated with greater stride regularity, increased dorsoventral displacement and
activity, increased longitudinal activity and increased vector of propulsion (Biau & Barrey,
2004). For extended canter the following additional attributes have also been identified;
shorter trailing hindlimb contact duration, longer stride length, faster velocity, decreased
step length between forelimbs, increased step length between hindlimbs and a longer step
length between leading hindlimb and trailing forelimb (Deuel & Park, 1990a).
Canter is performed at a faster speed than its equivalent trot (for example, extended
trot: 4.93 ± 0.14 ms−1 (Clayton, 1994a; Clayton, 1994b); extended canter: 7.03 ± 0.07
ms−1 (Deuel & Park, 1990a)), and due to the limb sequencing pattern has a larger range of
trunk pitching than walk or trot (Dunbar et al., 2008). As such, heightened pelvic mobility
and postural control are required by the rider to maintain balance and harmony with
the horse (Olivier et al., 2017), although greater synchronicity is possible due to canter
being a three-beat gait (Wolframm, Bosga & Meulenbroek, 2013). In skilled riders, pelvic
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anterior-posterior ROM (Münz, Eckardt & Witte, 2014) trunk lateral bending ROM and
left knee flexion-extension ROM (Eckardt & Witte, 2016) are smaller compared to less
skilled riders. As trunk ROM of the horse in pitch and longitudinal forces increase, a
closer coupling of the pelvis in anterior-posterior tilt and greater control of the upper
body are required in order to follow the phasic motions of the horse (Lovett, Hodson-Tole
& Nankervis, 2005; Wolframm, Bosga & Meulenbroek, 2013; Münz, Eckardt & Witte, 2014).
A reduction in rider trunk lateral bending ROM is likely to reduce amplification of the
asymmetry of the gait and improve medio-lateral and rotational stability in the horse
(Symes & Ellis, 2009). As with trot, a stiller left leg is likely to improve communication with
the horse and probably reflects better rider balance (Byström et al., 2015; Eckardt & Witte,
2016), whereas a more mobile left leg may disrupt canter with a right lead more than a left
lead (Symes & Ellis, 2009).
Other gaits and movements
Other studies that have focussed on horse performance include information on the quality
of transitions, canter lead changes and the artificial diagonal gaits of passage and piaffe that
are performed only at the highest levels of competition.
Transitions performed in dressage differ from transitions performed naturally, as the
trigger is a learned cue from the rider. Ideally, the gait before and after the transition
is performed at steady state, without changing speed or stride rate (Tans, Nauwelaerts
& Clayton, 2009). However, the stride before the transition may need to change to
accommodate a difference in speed between the two gaits, especially in downward
transitions that cross more than one gait as in canter-walk or canter-halt (Biau, Lemaire &
Barrey, 2002). The use of a pre-transition cue or half-halt by the rider to balance the horse
will improve the quality of the transition (Byström et al., 2015). Under these conditions,
mechanical or metabolic stimuli that drive a natural transition are overridden by the
trained response (Tans, Nauwelaerts & Clayton, 2009). A variety of upward and downward
transitions have been studied. Clean transitions between walk and trot with no intermediate
steps are a feature of better performance in elite dressage horses (Argue & Clayton, 1993b).
For trot-halt and halt-trot, longer suspension duration, hind first dissociation and lift off
and smaller duty factors are associated with better quality (Tans, Nauwelaerts & Clayton,
2009). Superior downward transitions also include longer transition durations, increased
dorsoventral activity, but with decreased energy and frequency variation (Biau, Lemaire &
Barrey, 2002).
As transitions are effected by the rider in dressage, the ability of the rider to communicate
well with the horse is essential. Aids are given by altering pressure through the reins,
legs and/or seat (De Cocq et al., 2010b; Kuhnke et al., 2010; Von Borstel & Glißman, 2014;
Egenvall et al., 2015). The quality and consistency of rein tension is, either directly or
indirectly, an important factor in judging transitions, with lighter, more consistent and
symmetrical rein tension considered to be more desirable (Kuhnke et al., 2010; Von Borstel
& Glißman, 2014). The position of the centre of pressure (COP) under the saddle influences
the direction of travel of the horse and symmetric or asymmetric leg aids are used to indicate
changes in gaits and movements (De Cocq et al., 2010b). The frequency and magnitude of
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leg pressure varies between riders and, as of yet, better-quality communication with the
horse has not been defined (De Cocq et al., 2010b).
As with transitions, canter lead changes are triggered by a learned cue from the rider,
so precise communication between rider and horse is necessary to execute the movements
correctly. They may be one-time changes, that is where the canter lead changes with each
stride, or the changes may be made every second, third or fourth stride. Superior canter
lead changes have attributes that are similar to canter itself, including greater suspension
duration, shorter hindlimb tripedal contact duration, decreased step length between
forelimbs, and a longer step length between leading hindlimb and trailing forelimb (Deuel
& Park, 1990a). In addition, canter lead changes judged to be better quality include a
shorter hindlimb and longer forelimb swing duration, a shorter trailing forelimb contact
duration and a longer airborne step (Deuel & Park, 1990a). To date, the authors are not
aware of any scientific studies that have investigated the effect of rider skill or the demands
on the rider when performing canter lead changes.
Passage and piaffe are diagonal gaits that require higher levels of collection; they are
performed at slow speed andwith little or no forwardmovement of the horse (Clayton, 1997;
Clayton & Hobbs, 2017b). In passage, gait quality is associated with hind-first dissociation
and a shorter hindlimb stance duration (Clayton, 1997). These qualities result in a greater
nose up trunk posture, which positions the horse’s COP more towards the hindlimbs.
This gives the impression of, and results in, greater weight bearing on the hindlimbs
(Clayton, Schamhardt & Hobbs, 2017). Passage has large vertical impulses that increase the
vertical excursion of the horse compared to collected trot (Weishaupt et al., 2009; Clayton,
Schamhardt & Hobbs, 2017). Less is known about piaffe. From what is known, the footfall
sequence is reported to be highly variable between horses, but still features the same
attributes of gait quality as passage described above (Clayton, 1997). Compared with scores
awarded in 1992, in 2008 dressage scores in top level competition were higher in horses
with their head posture behind the vertical in piaffe, although this may have reflected the
use of a specific training technique that was popular at that time (Lashley et al., 2014).
Posture of the rider is reported to change with increasing collection of the horse, such as
in passage and piaffe. When giving an aid to collect, the rider’s pelvis rotates posteriorly
and the trunk rotates anteriorly, thereby flexing the lumbar spine (Byström et al., 2015).
Possibly due to the greater vertical excursion of both the horse and rider, pelvic rotation
and displacement are more closely coupled to the horse (Byström et al., 2015). Further
studies are required to define skill when performing these movements.
Limitations
The search strategy for this review was designed to capture all of the current scientific
evidence relating directly or indirectly to determinants of performance in dressage.
However, it is evident from the manual addition of 94 articles that the search did not
capture all of the available literature.
A small number of studies were included in the theoretical model for the rider, as these
were the only studies reporting significant findings, separated by gait, that were associated
with superior rider performance.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 16/25
Since dressage is judged subjectively and multiple criteria are considered in relation
to scoring each movement, it is to be expected that there will be variability in the scores
awarded by different judges. Some judges show greater variability (Stachurska & Bartyzel,
2011) and others award higher scores on a nationalistic basis (Deuel, 1989).
Finally, this review considered only determinants of performance of the horse and rider
that may be observed at a particular moment in time. The review did not consider the
training, welfare and/or health, amongst other factors, that may have contributed to that
performance.
CONCLUSION
This review has identified objective measurements of horse performance that are associated
with higher scores in dressage. The articles included in the review and additional source
information were then used to develop a theoretical model to link the characteristics
displayed by skilled riders to horse performance themes. From this model it could be
concluded that the posture and ROM of the rider’s pelvis, trunk, knee and head and,
importantly, the timing of rider pelvic and trunk motion in relation to the movement of
the horse are likely to influence temporal, trunk motion and impulsion variables in the
horse. The information from this model will be used to develop an empirical study to test
the relative strength of association between impairment and performance in able-bodied
and Para Dressage riders.
ACKNOWLEDGEMENTS
The authors would like to acknowledge Professor Andy Clegg (University of Central
Lancashire) for his advice and support and Elizabeth Littlefair (formerly University of
Central Lancashire) for her contribution to the screening and data extraction process.
ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This work was supported by the Fédération Equestre Internationale (FEI Para-Equestrian
sport: 2018–2021). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.
Grant Disclosures
The following grant information was disclosed by the authors:
Fédération Equestre Internationale: FEI Para-Equestrian sport: 2018–2021.
Competing Interests
Hilary M. Clayton is the CEO of Sport Horse Science.
Author Contributions
• Sarah Jane Hobbs and Lindsay St George conceived and designed the experiments,
performed the experiments, analyzed the data, prepared figures and/or tables, authored
or reviewed drafts of the paper, and approved the final draft.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 17/25
• Janet Reed performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.
• Rachel Stockley, Clare Thetford, Jonathan Sinclair, JaneWilliams and KathrynNankervis
conceived and designed the experiments, authored or reviewed drafts of the paper, and
approved the final draft.
• Hilary M. Clayton conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the paper, and approved the final draft.
Data Availability
The following information was supplied regarding data availability:
The systematic review methods and comprehensive results are available in the
Supplemental Files.
Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.9022#supplemental-information.
REFERENCES
Alexander J, Hobbs S-J, May K, Northrop A, Brigden C, Selfe J. 2015. Postural char-
acteristics of female dressage riders using 3D motion analysis and the effects of
an athletic taping technique: a randomised control trial. Physical Therapy in Sport
16:154–161 DOI 10.1016/j.ptsp.2014.09.005.
Argue C, Clayton H. 1993a. A preliminary study of transitions between the walk and trot
in dressage horses. Cells Tissues Organs 146:179–182 DOI 10.1159/000147442.
Argue CK, Clayton HM. 1993b. A study of transitions between the trot and canter in
dressage horses. Journal of Equine Veterinary Science 13:171–174
DOI 10.1016/S0737-0806(07)80071-2.
Attride-Stirling J. 2001. Thematic networks: an analytic tool for qualitative research.
Qualitative Research 1:385–405 DOI 10.1177/146879410100100307.
BackW, Barneveld A, Bruin G, Schamhardt H, HartmanW. 1994. Kinematic detec-
tion of superior gait quality in young trotting warmbloods. Veterinary Quarterly
16:91–96.
BackW,MacAllister CG, Van Heel MCV, Pollmeier M, Hanson PD. 2007. Ver-
tical frontlimb ground reaction forces of sound and lame warmbloods differ
from those in quarter horses. Journal of Equine Veterinary Science 27:123–129
DOI 10.1016/j.jevs.2007.01.007.
BackW, Schamhardt HC, Barneveld A. 1996. Are kinematics of the walk related to the
locomotion of a warmblood horse at the trot? Veterinary Quarterly 18(2):79–84
DOI 10.1080/01652176.1996.9694699.
BackW, Schamhardt H, HartmanW, Bruin G, Barneveld A. 1995. Predictive value
of foal kinematics for the locomotor performance of adult horses. Research in
Veterinary Science 59:64–69 DOI 10.1016/0034-5288(95)90033-0.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 18/25
Baillet H, Thouvarecq R, Verin E, Tourny C, Benguigui N, Komar J, Leroy D. 2017.
Human energy expenditure and postural coordination on the mechanical horse.
Journal of Motor Behavior 49:441–457 DOI 10.1080/00222895.2016.1241743.
Barrey E, Desliens F, Poirel D, Biau S, Lemaire S, Rivero J-LL, Langlois B. 2002. Early
evaluation of dressage ability in different breeds. Equine Veterinary Journal Suppl
34:319–324.
Beale L, Maxwell NS, Gibson OR, Twomey R, Taylor B, Church A. 2015. Oxygen
cost of recreational horse-riding in females. Journal of Physical Activity & Health
12:808–813 DOI 10.1123/jpah.2012-0428.
Biau S, Barrey E. 2004. Relationship between stride characteristics and scores in dressage
tests. Pferdeheilkunde 20:140–144 DOI 10.21836/PEM20040205.
Biau S, Lemaire S, Barrey E. 2002. Analysis of gait transitions in dressage horses
using wavelet analysis of dorsoventral acceleration. Pferdeheilkunde 18:343–350
DOI 10.21836/PEM20020402.
Bradshaw EJ, HamertonW, Raves A, Noble B. 2005. Physical power, technical and
aesthetic execution qualities in dressage riding—a preliminary investigation. In:
Wang Q, ed. ISBS 23 International symposium on biomechanics in sports, August 22–
27, 2005. Beijing.
British Dressage. 2019. The scales of training. Available at https://www.britishdressage.
co.uk/uploads/File/ Judge%20training%20forms/Trainee%20Judge/SCALES%20OF%
20TRAINING%20-%20Dressage%20Basics%20Iss%201.0.pdf (accessed on 26 July
2019).
Buchner H, Savelberg H, Schamhardt H, Barneveld A. 1995. Temporal stride patterns
in horses with experimentally induced fore-or hindlimb lameness. Equine Veterinary
Journal 27:161–165.
Byström A, Egenvall A, Roepstorff L, RhodinM, Braganc¸a FS, Hernlund E, Van
Weeren R,Weishaupt MA, Clayton HM. 2018. Biomechanical findings in horses
showing asymmetrical vertical excursions of the withers at walk. PLOS ONE
13:e0204548 DOI 10.1371/journal.pone.0204548.
Byström A, RhodinM, Von Peinen K,Weishaupt MA, Roepstorff L. 2009. Basic kine-
matics of the saddle and rider in high-level dressage horses trotting on a treadmill.
Equine Veterinary Journal 41:280–284 DOI 10.2746/042516409X394454.
Byström A, RhodinM, Von Peinen K,Weishaupt M, Roepstorff L. 2010. Kinematics of
saddle and rider in high-level dressage horses performing collected walk on a tread-
mill. Equine Veterinary Journal 42:340–345 DOI 10.1111/j.2042-3306.2010.00063.x.
Byström A, Roepstroff L, Geser-Von Peinen K,Weishaupt M, RhodinM. 2015.
Differences in rider movement pattern between different degrees of collection at the
trot in high-level dressage horses ridden on a treadmill. Human Movement Science
41:1–8 DOI 10.1016/j.humov.2015.01.016.
Clayton HM. 1994a. Comparison of the stride kinematics of the collected, working,
medium and extended trot in horses. Equine Veterinary Journal 26:230–234
DOI 10.1111/j.2042-3306.1994.tb04375.x.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 19/25
Clayton HM. 1994b. Comparison of the collected, working, medium and extended
canters. Equine Veterinary Journal 26:16–19.
Clayton HM. 1995. Comparison of the stride kinematics of the collected, medium, and
extended walks in horses. American Journal of Veterinary Research 56:849–852.
Clayton HM. 1997. Classification of collected trot, passage and piaffe based on temporal
variables. Equine Veterinary Journal 29:54–57
DOI 10.1111/j.2042-3306.1997.tb05101.x.
Clayton HM, Hobbs SJ. 2017a. The role of biomechanical analysis of horse and
rider in equitation science. Applied Animal Behaviour Science 190:123–132
DOI 10.1016/j.applanim.2017.02.011.
Clayton HM, Hobbs SJ. 2017b. An exploration of strategies used by dressage horses
to control moments around the center of mass when performing passage. PeerJ
5:e3866 DOI 10.7717/peerj.3866.
Clayton HM, Hobbs SJ. 2019. A review of biomechanical gait classification with
reference to collected trot, passage and piaffe in dressage horses. Animals 9:763
DOI 10.3390/ani9100763.
Clayton HM, Schamhardt HC, Hobbs SJ. 2017. Ground reaction forces of elite
dressage horses in collected trot and passage. Veterinary Journal 221:30–33
DOI 10.1016/j.tvjl.2017.01.016.
De Barros Souza F, PachecoMTT, Strottmann IB, Teixeira CGP, Fortes CEA, Lyon
JP, Moreira LM, Osório RAL. 2008.Metabolic and cardiorespiratory parameter
analysis of young female adults during horseback riding at a walking gait. Isokinetics
& Exercise Science 16:263–267 DOI 10.3233/IES-2008-0317.
De Cocq P, Clayton HM, Terada K, Muller M, Van Leeuwen JL. 2009. Usability of
normal force distribution measurements to evaluate asymmetrical loading of the
back of the horse and different rider positions on a standing horse. The Veterinary
Journal 181:266–273 DOI 10.1016/j.tvjl.2008.03.002.
De Cocq P, Duncker AM, Clayton HM, Bobbert MF, Muller M, Van Leeuwen JL. 2010a.
Vertical forces on the horse’s back in sitting and rising trot. Journal of Biomechanics
43:627–631 DOI 10.1016/j.jbiomech.2009.10.036.
De Cocq P, MoorenM, Dortmans A, VanWeeren PR, TimmermanM,Muller
M, Van Leeuwen JL. 2010b. Saddle and leg forces during lateral movements
in dressage. Equine Veterinary Journal Supplement 42(Suppl. 38):644–649
DOI 10.1111/j.2042-3306.2010.00201.x.
Deuel N. 1989. Nationalism in the scoring of dressage competitions at the 1988
Olympics. Journal of Equine Veterinary Science 9:281–283
DOI 10.1016/S0737-0806(89)80091-7.
Deuel N, Park J. 1990a. Canter lead change kinematics of superior Olympic dressage
horses. Journal of Equine Veterinary Science 10:287–298
DOI 10.1016/S0737-0806(06)80013-4.
Deuel NR, Park J-J. 1990b. The gait patterns of Olympic dressage horses. Journal of
Applied Biomechanics 6:198–226.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 20/25
DevienneMF, Guezennec CY. 2000. Energy expenditure of horse riding. European
Journal of Applied Physiology 82:499–503 DOI 10.1007/s004210000207.
Douglas J-L, Price M, Peters D. 2012. A systematic review of physical fitness, physiolog-
ical demands and biomechanical performance in equestrian athletes. Comparative
Exercise Physiology 8:53–62 DOI 10.3920/CEP12003.
Dunbar DC, Macpherson JM, Simmons RW, Zarcades A. 2008. Stabilization and
mobility of the head, neck and trunk in horses during overground locomotion:
comparisons with humans and other primates. Journal of Experimental Biology
211:3889–3907 DOI 10.1242/jeb.020578.
Eckardt F, Münz A,Witte K. 2014. Application of a full body inertial measurement
system in dressage riding. Journal of Equine Veterinary Science 34:1294–1299
DOI 10.1016/j.jevs.2014.09.009.
Eckardt F, Witte K. 2016. Kinematic analysis of the rider according to different skill
levels in sitting trot and canter. Journal of Equine Veterinary Science 39:51–57
DOI 10.1016/j.jevs.2015.07.022.
Egenvall A, Eisersiö M, RhodinM, VanWeeren R, Roepstorff L. 2015. Rein tension
during canter. Comparative Exercise Physiology 11:107–117
DOI 10.3920/CEP150005.
Eisersiö M, RhodinM, Roepstorff L, Egenvall A. 2015. Rein tension in 8 professional
riders during regular training sessions. Journal of Veterinary Behavior: Clinical
Applications and Research 10:419–426 DOI 10.1016/j.jveb.2015.05.004.
Eisersiö M, Roepstorff L, Weishaupt M, Egenvall A. 2013.Movements of the horse’s
mouth in relation to horse–rider kinematic variables. The Veterinary Journal
198:e33–e38.
Engell M, Clayton H, Egenvall A, Weishaupt MA, Roepstorff L. 2016. Postural changes
and their effects in elite riders when actively influencing the horse versus sitting
passively at trot. Comparative Exercise Physiology 12:27–33 DOI 10.3920/CEP150035.
Faber M, Schamhardt H,Weeren RV, Johnston C, Roepstorff L, Barneveld A.
2000. Basic three-dimensional kinematics of the vertebral column of horses
walking on a treadmill. American Journal of Veterinary Research 61:399–406
DOI 10.2460/ajvr.2000.61.399.
Fédération Equestre Internationale. 2019. Dressage Rules [Online]. Available at https:
// inside.fei.org/ sites/default/ files/FEI_Dressage_Rules_2019_Clean_Version_6.9.19_0.
pdf (accessed on 01 October 2019).
Gandy EA, Bondi A, Hogg R, Pigott TM. 2014. A preliminary investigation of the use of
inertial sensing technology for the measurement of hip rotation asymmetry in horse
riders. Sports Technology 7:79–88 DOI 10.1080/19346182.2014.905949.
Griffin TM,Main RP, Farley CT. 2004. Biomechanics of quadrupedal walking: how
do four-legged animals achieve inverted pendulum-like movements? Journal of
Experimental Biology 207:3545–3558 DOI 10.1242/jeb.01177.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 21/25
Gunst S, DittmannMT, Arpagaus S, Roepstorff C, Latif SN, Klaassen B, Pauli CA,
Bauer CM,Weishaupt MA. 2019. Influence of functional rider and horse asymme-
tries on saddle force distribution during stance and in sitting trot. Journal of Equine
Veterinary Science 78:20–28 DOI 10.1016/j.jevs.2019.03.215.
Hall C, Goodwin D, Heleski C, Randle H,Waran N. 2008. Is there evidence of learned
helplessness in horses? Journal of Applied Animal Welfare Science 11:249–266
DOI 10.1080/10888700802101130.
Hall C, Heleski C. 2017. The role of the ethogram in equitation science. Applied Animal
Behaviour Science 190:102–110 DOI 10.1016/j.applanim.2017.02.013.
Hobbs SJ, Bertram JE, Clayton HM. 2016. An exploration of the influence of diagonal
dissociation and moderate changes in speed on locomotor parameters in trotting
horses. PeerJ 4:e2190 DOI 10.7717/peerj.2190.
Hobbs SJ, Clayton HM. 2013. Sagittal plane ground reaction forces, centre of pressure
and centre of mass in trotting horses. The Veterinary Journal 198:e14–e19.
Hodson EF, Clayton HM, Lanovaz JL. 1999. Temporal analysis of walk movements in
the Grand Prix dressage test at the 1996 Olympic Games. Applied Animal Behaviour
Science 62:89–97 DOI 10.1016/S0168-1591(98)00223-8.
HolmstromM, Drevemo S. 1997. Effects of trot quality and collection on the angular
velocity in the hindlimbs of riding horses. Equine Veterinary Journal Supplement
23:62–65.
HolmstromM, Fredricson I, Drevemo S. 1994a. Biokinematic analysis of the
Swedish Warmblood riding horse at trot. Equine Veterinary Journal 26:235–240
DOI 10.1111/j.2042-3306.1994.tb04376.x.
HolmströmM, Fredricson I, Drevemo S. 1994b. Biokinematic differences between rid-
ing horses judged as good and poor at the trot. Equine Veterinary Journal 26:51–56.
JanuraM, Cabell L, Svoboda Z, Dvorakova T, Haltmayer E, Janurova E. 2012. A review
of pressure measurement on the contact surface between the horse and the rider.
Pferdeheilkunde 28:583–593 DOI 10.21836/PEM20120509.
Kang O-D, Ryu Y-C, Ryew C-C, OhW-Y, Lee C-E, KangM-S. 2010. Comparative
analyses of rider position according to skill levels during walk and trot in Jeju horse.
Human Movement Science 29:956–963 DOI 10.1016/j.humov.2010.05.010.
Kuhnke S, Dumbell L, Gauly M, Johnson JL, Mcdonald K, König Von Borstel U. 2010.
A comparison of rein tension of the rider’s dominant and non-dominant hand
and the influence of the horse’s laterality. Comparative Exercise Physiology 7:57–63
DOI 10.1017/S1755254010000243.
Lagarde J, Peham C, Licka T, Kelso JAS. 2005. Coordination dynamics of the horse-rider
system. Journal of Motor Behavior 37:418–424 DOI 10.3200/JMBR.37.6.418-424.
Lashley MJ, Nauwelaerts S, Vernooij JC, BackW, Clayton HM. 2014. Comparison of
the head and neck position of elite dressage horses during top-level competitions in
1992 versus 2008. Veterinary Journal 202:462–465 DOI 10.1016/j.tvjl.2014.08.028.
LawM, Stewart D, Pollock N, Letts L, Bosch J, WestmorlandM. 1998.Guidelines for
critical review form-quantitative studies [Online]. Hamilton: Ontario McMaster
University Occupational Therapy Evidence-based Practice Research Group. Available
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 22/25
at https:// srs-mcmaster.ca/wp-content/uploads/2015/05/Guidelines-for-Critical-
Review-Form-Quantitative-Studies.pdf (accessed on 04 July 2018).
Lovett T, Hodson-Tole E, Nankervis K. 2005. A preliminary investigation of rider
position during walk, trot and canter. Equine and Comparative Exercise Physiology
2:71–76 DOI 10.1079/ECP200444.
McCall CA. 1990. A review of learning behavior in horses and its application in horse
training. Journal of Animal Science 68:75–81.
McGuiganMP,Wilson AM. 2003. The effect of gait and digital flexor muscle activation
on limb compliance in the forelimb of the horse Equus caballus. Journal of Experi-
mental Biology 206:1325–1336 DOI 10.1242/jeb.00254.
Merkens HW, Schamhardt HC. 1988. Distribution of ground reaction forces of the
concurrently loaded limbs of the Dutch Warmblood horse at the normal walk.
Equine Veterinary Journal 20:209–213 DOI 10.1111/j.2042-3306.1988.tb01501.x.
Merkens HW, Schamhardt HC. 1994. Relationships between ground reaction force
patterns and kinematics in the walking and trotting horse. Equine Veterinary Journal
26:67–70 DOI 10.1111/j.2042-3306.1994.tb04334.x.
Meyers MC. 2006. Effect of equitation training on health and physical fitness of college
females. European Journal of Applied Physiology 98:177–184
DOI 10.1007/s00421-006-0258-x.
Meyers MC, Sterling JC. 2000. Physical, hematological, and exercise response of
collegiate female equestrian athletes. Journal of Sports Medicine & Physical Fitness
40:131–138.
Moher D, Liberati A, Tetzlaff J, Altman D. 2009. Preferred reporting items for systematic
reviews and meta-analyses: the PRISMA statement. PLOS Medicine 6:e1000097–
e1000097.
Morales JL, ManchadoM, Vivo J, Galisteo AM, Agüera E, Miró F. 1998. Angular
kinematic patterns of limbs in elite and riding horses at trot. Equine Veterinary
Journal 30:528–533 DOI 10.1111/j.2042-3306.1998.tb04529.x.
Münz A, Eckardt F, Heipertz-Hengst C, Peham C,Witte K. 2013. A preliminary
study of an inertial sensor-based method for the assessment of human pelvis
kinematics in dressage riding. Journal of Equine Veterinary Science 33:950–955
DOI 10.1016/j.jevs.2013.02.002.
Münz A, Eckardt F, Witte K. 2014.Horse-rider interaction in dressage riding. Human
Movement Science 33:227–237 DOI 10.1016/j.humov.2013.09.003.
Olivier A, Faugloire E, Lejeune L, Biau S, Isableu B. 2017.Head stability and head-trunk
coordination in horseback riders: the contribution of visual information according
to expertise. Frontiers in Human Neuroscience 11(11):1–16.
Pantall A, Barton S, Collins P. 2009. Surface electromyography of abdominal and spinal
muscles in adult horseriders during rising trot. In: Harrison AJ, Anderson R, Kenny
I, eds. ISBS 27 International symposium on biomechanics in sports, August 17–21 2009.
Limerick.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 23/25
Peham C, Licka T, KapaunM, Scheidl M. 2001. A new method to quantify har-
mony of the horse–rider system in dressage. Sports Engineering 4:95–101
DOI 10.1046/j.1460-2687.2001.00077.x.
Peham C, Licka T, Schobesberger H, Meschan E. 2004. Influence of the rider
on the variability of the equine gait. Human Movement Science 23:663–671
DOI 10.1016/j.humov.2004.10.006.
Roberts M, Shearman J, Marlin D. 2009. A comparison of the metabolic cost of the
three phases of the one-day event in female collegiate riders. Comparative Exercise
Physiology 6:129–135 DOI 10.1017/S1755254010000012.
Roepstorff L, Egenvall A, RhodinM, Byström A, Johnston C, VanWeeren PR,
Weishaupt M. 2009. Kinetics and kinematics of the horse comparing left and
rightrising trot. Equine Veterinary Journal 41:292–296
DOI 10.2746/042516409X397127.
Sainas G, Melis S, Corona F, Loi A, Ghiani G, Milia R, Tocco F, Marongiu E,
Crisafulli A. 2016. Cardio-metabolic responses during horse riding at three
different speeds. European Journal of Applied Physiology 116:1985–1992
DOI 10.1007/s00421-016-3450-7.
Schils SJ, Greer NL, Stoner LJ, Kobluk CN. 1993. Kinematic analysis of the equestrian—
walk, posting trot and sitting trot. Human Movement Science 12:693–712
DOI 10.1016/0167-9457(93)90011-D.
SchöllhornW, Peham C, Licka T, Scheidl M. 2006. A pattern recognition approach
for the quantification of horse and rider interactions. Equine Veterinary Journal
38:400–405 DOI 10.1111/j.2042-3306.2006.tb05576.x.
Stachurska A, Bartyzel K. 2011. Judging dressage competitions in the view of improving
horse performance assessment. Acta Agriculturae Scandinavica, Section A 61:92–102
DOI 10.1080/09064702.2011.600323.
Sung BJ, Jeon SY, Lim SR, Lee KE, Jee H. 2015. Equestrian expertise affecting phys-
ical fitness, body compositions, lactate, heart rate and calorie consumption
of elite horse riding players. Journal of Exercise Rehabilitation 11:175–181
DOI 10.12965/jer.150209.
Symes D, Ellis R. 2009. A preliminary study into rider asymmetry within equitation. The
Veterinary Journal 181:34–37 DOI 10.1016/j.tvjl.2009.03.016.
Tans E, Nauwelaerts S, Clayton HM. 2009. Dressage training affects temporal variables
in transitions between trot and halt. Comparative Exercise Physiology 6:89–97
DOI 10.1017/S1755254009990158.
Terada K. 2000. Comparison of head movement and EMG activity of muscles between
advanced and novice horseback riders at different gaits. Journal of Equine Science
11:83–90 DOI 10.1294/jes.11.83.
Terada K, Clayton HM, Kato K. 2006. Stabilization of wrist position during horse-
back riding at trot. Equine and Comparative Exercise Physiology 3:179–184
DOI 10.1017/S1478061506337255.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 24/25
Terada K, Mullineaux D, Lanovaz J, Kato K, Clayton H. 2004. Electromyographic
analysis of the rider’s muscles at trot. Equine and Comparative Exercise Physiology
1:193–198 DOI 10.1079/ECP200420.
Tweedy SM, Beckman EM, ConnickMJ. 2014. Paralympic classification: con-
ceptual basis, current methods, and research update. PM & R 6:S11–S17
DOI 10.1016/j.pmrj.2014.04.013.
Tweedy SM,Mann D, Vanlandewijck YC. 2016. Research needs for the development
of evidence-based systems of classification for physical, vision and intellectual
impairments. In: Vanlandewijck YC, Thompson WR, eds. Handbook of sports
medicine and science: training and coaching the paralympic athlete. John Wiley &
Sons.
Tweedy SM, Vanlandewijck YC. 2011. International Paralympic Committee position
stand—background and scientific principles of classification in Paralympic sport.
British Journal of Sports Medicine 45:259–269 DOI 10.1136/bjsm.2009.065060.
Von Borstel UK, Glißman C. 2014. Alternatives to conventional evaluation of rideability
in horse performance tests: suitability of rein tension and behavioural parameters.
PLOS ONE 9:e87285 DOI 10.1371/journal.pone.0087285.
Von Peinen K,Wiestner T, Bogisch S, Roepstorff L, VanWeeren P,Weishaupt MA.
2009. Relationship between the forces acting on the horse’s back and the move-
ments of rider and horse while walking on a treadmill. Equine Veterinary Journal
41:285–291 DOI 10.2746/042516409X397136.
Weishaupt MA, Byström A, Von Peinen K,Wiestner T, Meyer H,Waldern N, Johnston
C, VanWeeren R, Roepstorff L. 2009. Kinetics and kinematics of the passage. Equine
Veterinary Journal 41:263–267 DOI 10.2746/042516409X397226.
Westerling D. 1983. A study of physical demands in riding. European Journal of Applied
Physiology and Occupational Physiology 50:373–382 DOI 10.1007/BF00423243.
Wolframm IA, Bosga J, Meulenbroek RG. 2013. Coordination dynamics in horse-rider
dyads. Human Movement Science 32:157–170 DOI 10.1016/j.humov.2012.11.002.
Zadnikar M, Kastrin A. 2011. Effects of hippotherapy and therapeutic horse-
back riding on postural control or balance in children with cerebral palsy:
a meta-analysis. Developmental Medicine & Child Neurology 53:684–691
DOI 10.1111/j.1469-8749.2011.03951.x.
Hobbs et al. (2020), PeerJ, DOI 10.7717/peerj.9022 25/25
